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Abstract. Kron reduction is used to simplify the analysis of multi-machine 
power systems under certain steady state assumptions that underly the usage 
of phasors. In this paper we show how to perform Kron reduction for a class 
of electrical networks without steady state assumptions. The reduced models 
can thus be used to analyze the transient as well as the steady state behavior 
of these electrical networks. 



1. Introduction 

Multi-machine power networks are the interconnection of power generators and 
substations via three-phase transmission lines. We can think of a multi-machine 
power network as a collection of a large number of interconnected nodes modeling 
generators and loads. Depending on the models used to describe the generators and 
the loads, we have a set of algebraic, differential, or algebro-differential equations 
per node. When the number of nodes increases this set of equations quickly becomes 
intractable. Common practice in the power systems literature is to reduce this set 
of equations, through a process called Kron reduction [TTJ Sec. 9.3], that results 
in a simpler set of equations providing the same relationships between voltage and 
current at the generators' terminals. This reduction, however, is based on the use 
of phasors and it requires the current and voltage waveforms in each phase to be 
sinusoidal and with the same frequency. This assumption seems contradictory if we 
want to study the transient behavior of a power system during which the waveforms 
are not sinusoidal. 

The contribution of this paper is to identify a class of electric networks for which 
Kron reduction can be performed in the time domain, i.e., without resorting to 
phasors. The reduced models can then be used to study the transient as well as the 
steady state behavior of these electrical networks which can be used to describe, 
e.g., short transmission lines. 

A graph-theoretic discussion of Kron reduction can be found in [7] . Our results 
are based on the very same graph-theoretic constructions. The problem of Kron 
reduction can be understood as a system equivalence problem: when do two models 
- the original and the Kron reduced - describe the same terminal behavior? This 
problem was first solved for purely resistive circuits in [4] and then for RLC circuits 
in [6] by describing not only when two models are equivalent but also by describing 
all such equivalent models. In the context of Kron reduction we are interested in 
constructing the smallest model that describes the relationships between voltage 
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and current at the generators' terminals. This problem was solved for purely re- 
sistive, purely inductive and purely capacitive circuits in [TJ [2] and for a class of 
RL circuits called homogeneous RL networks in [3]. This paper generalizes the 
results in [3] by describing a larger class of electrical networks for which Kron can 
be performed in the time domain. 



2. Notation and Definitions 

Let N be the set of natural numbers, R be the set of real numbers, R+ be the set 
of all strictly positive real numbers and R +0 = R+ U {0}. For any bcN, the set 
n is defined as n = {1, . . . , n}. The cardinality of the set S is denoted by \S\. We 
also use \x\ to denote the absolute value of x £ R. The set of all n x m matrices 
with real elements is denoted by R™ x m . The element of R™ with all entries equal 
to is denoted by 0„. We also use 0„ to denote the zero map n : R — > R™, which 
maps every real number to n £ R n - For any matrix M £ R™ xm , we denote the 
element located in the i th row and the j th column as Mij. The absolute value 
\M\ of the matrix M £ R nxm j s the matrix of same dimension which is defined 
as \M\ij = \Mij\. For any set of vectors S = {v\, . . . ,v n }, spanS* is the vector 
space spanned by the elements of S. For any vector space V, dim V denotes the 
dimension of V. The kernel and the image of a map / are denoted by ker / and 
im /. The set of all smooth functions with domain A and codomain B is denoted 
byC°°(A,B). 

We follow [8J for the definitions related with graphs. A graph Q = (V, £) is a 
two-tuple with finite set of vertices V and finite set of edges £ C V x V. If the edges 
have no sense of direction, the graph is called an undirected graph. In directed 
graphs, (x, y) £ £ implies that nodes x and y are connected via an edge with tail 
vertex x and head vertex y. Let v = |V| and e = \£\. Without loss of generality, we 
will assume V — v for the rest of the paper. Any graph Q is completely represented 
by a v x e matrix called incidence matrix B. The rows of the incidence matrix 
represent the vertices and the columns represent the edges. In directed graphs, 
every edge ek — (i,j), k £ e is encoded in the incidence matrix by setting B^ = —1 
and Bjk = 1 and B x k = for all x £ v\{i,j}. The set of adjacent vertices A 
is defined as A — {(x,y) £ V x V : (x,y) £ £ or (y,x) £ £}. A path of length £ 
from vertex i to vertex j is the subset of vertices {ro, . . . ,rg\ such that ro = i, 
ri = j, and (rfe_i, rk) £ A for all k £ £. The careful reader may notice that we are 
allowing to traverse edges in both directions in directed graphs. A graph is called 
a connected graph if for every i,j £ V, i ^ j, there exists a path from i to j. Let 
Vb be a nonempty subset of V. Then the matrix B\, is the matrix that is obtained 
by collecting the rows of B that correspond to a vertex in the set Vb- A cycle of 
a graph is a connected subgraph in which every vertex has exactly two neighbors. 
For the rest of the paper, we will assume that every graph is connected. 

We will need the following lemma, which is a slight modification of Lemma 2.1 
in [7] and Theorem 3.1 in [2], to prove our main result. The first part of the lemma 
can be proved using similar arguments to the arguments used in [7] and following 
observation. For any directed, connected graph Q = (V, £), we can construct an 
undirected, connected graph Q = (V, £) by removing the directions of the edges. 
This can be achieved by obtaining the incidence matrix of the undirected graph 
B from the incidence matrix of the directed graph B by B = \B\. Then we have 
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\BWB T \ — \BWB T \ for any diagonal matrix W with strictly positive real diagonal 
elements. 

Lemma 2.1 (Lemma 2.1 in [7], Theorem 3.1 in [2]). Let Q — (V, £) be a directed, 
connected graph with the proper, nontrivial subsets V, C V and V& = V\Vi C V. 

(1) The matrix BiWBj is invertible for any diagonal matrix W G R exe with 
strictly positive diagonal elements. 

(2) There exist a graph Q = (V b ,£) with incidence matrix Bb G { — 1, 0, l}'"^ 6 ' x 

\E\x\S\ 

and a diagonal matrix W r G R + such that 

B h W r Bl = B h WBl - B b WBj{B l WBj)- 1 B l WBl. 

3. Kirchoff's Laws on Graphs 

We review Kirchoff's Current Law (KCL) and Kirchoff's Voltage Law (KVL) on 
abstract graphs, which were introduced in [T] [2]. Let R s be the vector space of 
all functions from S to the field of real numbers R. The space of trajectories of 
currents entering into nodes is denoted by Ao, and it is defined as Ao = C°°(R, R v ). 
We can identify R v with the vector space W. Let (R v )* be the dual space of R v . 
The dual space of A is denoted by A . We can interpret A = C°°(R, (R v )*) as the 
space of trajectories of voltages on the nodes. Similarly, the space of trajectories 
of currents flowing through the edges is denoted by Ai, and it is defined as Ai = 
C°°(]R,R £ ). We can identify R £ with the vector space R e . The dual space of Ai is 
A 1 = C°°(R, (M e )*), which can be interpreted as the space of trajectories of voltages 
across the edges. We can think of the incidence matrix B of graph Q as the matrix 
representation of the linear map 

(3.1) B : K e -s- R v . 

Using the standard inner product in Euclidean spaces as the duality product, the 
dual map of (|3.1j) can be thought of as a linear map with matrix representation 
B T . The linear map (|3.1[) can be extended to the map B : Ai — > Ao defined by 
(B o fi)(t) —Bo fi(t) for every f\ G Ai and every t € R. Similarly, we can define 
the dual map B T : A -> A 1 as (B T o g°)(t) = B T o g°(t) for every g° G A and 
every tel. For the graph Q = (V, £), let {Vb,Vi} be the partition of its set of 
vertices V. In other words, V = V& U Vj and Vf, fl V, = 0. We call the elements of V& 
boundary vertices and the elements of Vi internal vertices. A graph Q with at least 
one boundary vertex is called an open graph pQ. The partition {V&, Vi} of V leads 
to a decomposition of the incidence matrix B. Explicitly, the incidence matrix can 

' B ' 

be decomposed as B = * . In this decomposition, B\> contains the rows of the 
[Bb] 

incidence matrix that correspond to boundary vertices, and Bi contains the rows of 
the incidence matrix that correspond to internal vertices. The decomposition of B 
into Bb and Bi induces the decomposition of the vector space Ao into Aof, and Aoj. 
Similarly, the dual space A can be decomposed into A ob and A°\ We can define 
the linear maps Bb : Ai — > Aob, Bi : A\ — > Aoi and their dual maps as before. 

Kirchoff's Current Law states that the sum of currents entering into a node 
at any time is zero. For the vector of trajectories of currents flowing across the 
edges I\ G Ai, Bl\ represents the sum of the trajectories of currents entering into 
vertices. If the vertex is an internal vertex, this sum is zero. This can be stated 
as Bill = 0\Y,\- Since we can inject currents to the boundary vertices, the sum of 
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the currents entering into a boundary node is equal to the injected current. This 
can be stated as Bbh = lob- Therefore, an open graph Q = (V,£) with the set of 
boundary vertices Vb satisfies KCL for (Iob,Ii) £ Aq& x Ai if 



(3.2) 



"°|v«l~ 






lob _ 







Kirchoff 's Voltage Law states that the sum of voltages along a cycle is zero. This 
implies that for V 1 G A 1 , is orthogonal to the cycle space of the graph for all 

t G R, where orthogonality is understood with respect to standard Euclidean inner 
product. The cycle space of a graph Q with incidence matrix B is ker_B, where 
B is the linear map given by p. II) . Since (ker£?)* = (ker B) 1 - = imB T , KVL can 
be stated as V (t) G imB T for all tel. In other words, there exists a potential 
tp° G A such that V 1 ^) = B T ip (t) for all t G R. Therefore KVL can be stated as 
follows. There exists a potential ip° G A such that 

(3.3) V 1 = B T tp° = Bjtp ob + B~?iP°\ 

For the rest of the paper, we will abuse notation and denote B, Bi, Bb by B, 
B i: B b , respectively. 



4. Main Result 

Assume that we have a network of electrical components. Each electrical com- 
ponent has two terminals. The constitutive relation of the electrical component is 
a relation between the current flowing through the electrical component and the 
voltage across its terminals. We consider electrical components with constitutive 
relations given by 

(4-1) E^ = SW^ 

i=0 i=0 

where Pki,qki S R+Oj I\,k is the current flowing through the electrical compo- 
nent k and V k x is the voltage across the terminals of the electrical component 
k. The coefficient vectors of (|4.ip are defined as — (pko, ■ ■ ■ ,Pkv) £ R+o 1 an< ^ 
<Zfc = (<?fco, • • • , qkv) € R+o • The coefficient matrices are defined as P = [pi | ... | p e ] 
and Q = [gi | ... | g e ] ■ 

The constitutive relation for a linear ideal resistor is given by rl\,u = V k x and 
can be described by (|4.1[) if we take f = and 2sa — y. Similarly, the constitutive 

relations for inductors and capacitors, f/i^ = V k x and Ji^ = cV k , are described 
by (jLTI) when we set v = l, p k o = 0, p k i = t, qw = 0, qki = 1, and f = 1, p fe0 = 0, 
Pfci = 1, <7fco = 0, gfei = c, respectively. 

The constant upper bound v G N in (|4.1[) is the same for every electrical com- 
ponent. In other words, the highest degree of differentiation in (|4.1j) . which is a 
measure of the complexity of the electrical component, is independent of the electri- 
cal component. We can think of an electrical network as a directed graph in which 
each edge in the graph represents an electrical component. In this framework, elec- 
trical components relate the space of trajectories of currents flowing through the 
edges Ai and its dual space, the space of trajectories of voltages across the edges 
A 1 . In other words, for the directed graph Q, (Ji, V 1 ) G Ai x A 1 satisfies the con- 
stitutive relations (|4.1j) if for every edge &k G £, the relationship between 7^/. and 
V k is given by (|4.1|) . where Ii } k is the k th element of I\ and V k is the k th element 
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of V . For every edge ek £ £ , the coefficient vectors of (|4.1|) are pfe and qk- For the 
rest of the paper, we will assume that pk =/= u +± and qk =/= u +\ unless otherwise 
stated. 

Definition 4.1. A generalized electrical network is a five-tuple Af = (G, V&, f, P, Q). 
It consists of an open directed graph Q — (V, £ ) with boundary vertices V& on which 
KCL (|3.2p . KVL ()3.3|) . and constitutive relations (|4.1|) are satisfied; v is the constant 
in (|4.ip. and P,Q e K (ly+1 ) xe are the coefficient matrices. 

We adapt the notion of terminal behavior, which was introduced in [4j[6], to our 
framework. 

Definition 4.2. The terminal behavior Bjsf C A° x Aob of a generalized electrical 
network Af = (Q,Vb,v,P,Q) is the relation defined by: (ip ob ,Iob) £ B^f iff there 
exists a £ A 0i such that ip° = O oh , ^ 0i ) £ A and 7 = (Job, 0| Va |) £ A satisfy 
KCL lpT2]) . KVL (f3T3]> and constitutive relations (j4~T|) on £. 

The problem addressed in this note is: 

Problem 4.3 (Kron Reduction |7J). Given a generalized electrical network 
AT = (G,Vb,i > , P,Q), when can we construct another generalized electrical network 
Af = [Q, V b , v, P, Q) with G = (V b , £) and B M = B#? 

Note that every node in the graph Q is a boundary vertex. Therefore Prob- 
lem 14.31 is equivalent to eliminating all the internal vertices of the generalized elec- 
trical network Af without changing the terminal behavior and the complexity of the 
constitutive relations. Now, we can state our main theorem. 

Theorem 4.4. Problem ^. 3\ is solvable for the generalized electrical network 
A/" = (G, Vb, P, Q) if we have 

(4.2) dim span {pi, ... ,p e } = dim span{q>i, . . . , q e } = I, 

where pi, qi are the coefficient vectors of for edge £ £, where i G {1, . . . , e}. 

Proof. Assume that Af = (G, Vb, v, P, Q) is a generalized electrical network sat- 
isfying (|4.2j) . Condition (|4.2j) states that the vector space spanjpi, . . . ,p e } has 
dimension one. This implies that the basis for this vector space consists of a sin- 
gle vector p = (pi, . . . ,p e ) 0„+i. Thus for every k £ e, there exists a constant 
Afe such that pk = XkP- Since every element of pk is nonnegative for all k £ e, 
we can assume without loss of generality that every element of p is nonnegative. 
Hence, we can assume Aft > for all k £ e. Similarly, the basis for the vector space 
span {qi, . . . , q e } consists of a single vector q = (qi, ... , q e ) 0„ + i. From the same 
reasoning, we can assume 7^ > 0. Replacing pk and qk in (|4.I|) with pk = Xkp and 
qk = Ikq, we obtain 

v d % v d { 

(4.3) X kY,P^ h ' k = T fe H^ V ^ 

i=0 i=0 

for every edge £ £. By assumption, we have pk 7^ O^+i and qk ^ 0„ +1 . This 
implies that Xk 7^ and 7fc 7^ 0. Dividing (|4.3[) by Xk for each k £ £ and writing 
equation (|4.3I) for every edge et £ £ in vector form, we obtain 

i=0 i=Q 
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where h = ■ ■ ■ , h,e), V 1 — (V*, . . . , V£) and T is a diagonal matrix with 
strictly positive diagonal elements. The matrix T is defined as Tkk — ^ for all 
k G e. From KVL fl32]), we have V 1 = B T ip° for -0° G A . Replacing V 1 in (|4T4l) . 
we obtain 

2=0 i=0 i=0 

Multiplying both sides of the equation (|4. 5[) by B results in 

(4.6) Bf:, 1 */ 1 _ fl r^t 4 ,^y- 

2=0 i=0 

(4.7) ~£4 B/ '= BrBT x:4^ 

i=0 i=0 

Using the previously defined partitioning of B into Bi and B;,, we obtain the fol- 
lowing set of equations from (|4. T[) 

( 4 - 8 ) X>4 Sb/l - B&rfi " E + ^ T E 

i=0 i=0 i=0 

(4.9) E^4 Bi/i = BiTB ?it^ oi +^ib^ ob - 

■i=0 i=0 i=0 

From KCL ()3.2|) . we have £?{,ii = I fc and Bil\ = 0|y < |- Replacing Bij/i = 7 b 
in (jHH} and BJi = 0| Vi | in (|4.9p . we have 

(4- 10 ) X>4 Jo6 = BbTB > E + Bbrs " E <^ 0& 

i=0 i=0 (=0 

(4.11) 0| V< | = B t TBf J2 + B ? B * E *4< b - 

2=0 2=0 

The matrix B^TBj is invertible by Lemma Therefore, we obtain from (14. lip : 

(4.12) X>|^ = -(B i TB?)-iB i TBzj2^° b - 

i=0 i=0 

Substituting Yn^oQiW^ into (|4"TU1) . we obtain 

v d? v 

(4.13) ^ft^Ja = (B b ri? b T - BbTBj (BiTBf ) ~ 1 i^TI?^) £ ft^^- 

2 = 2 = 

Smoothness of -0 ob implies that the left hand side of (|4.13l) and the left hand side 
of (|4.12j) are continuous functions. Since p ^ 0„+i for any ifj ob G A°, there exists a 
unique Job 6 Ao& that satisfies (|4. 13[) and a unique t/; 01 that satisfies (|4.12[) . There- 
fore, if lob and ipob satisfy (|4.13|) . then there exists a unique ip oi £ A 0i such that 
0° = (?/> ofc ,0 Oi ) G A and Jo = (Job,0| Ve |) G A satisfy KCL J32]), KVL dSSJ) and 
constitutive relations (|4.1|) . Thus (ipb,Ib) G iff Job and ?/>ob satisfy (|4.13| . We 
now want to construct a generalized electrical network N — (Q, t^, P, Q) with 
= (Vb,£) and Saa = 6^. From Lemma |2~T1 there exists a graph £ = (V&,£) 
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with incidence matrix B and a diagonal matrix Y with strictly positive diagonal 
elements such that 

(4.14) BY B T = B b YBl - B b TB? '(B.YBj)- 1 B t YB 7 h '. 

We construct a generalized electrical network TV from the directed graph Q by 
defining the constitutive relations on Q as 

Multiplying both sides of (|47l5|) by B and using (|3?2j) . (|3~3l) . (I47T4)) ; we obtain (t47T3|) 
from l|4.15p . Therefore we can construct a generalized electrical circuit TV that has 
the same terminal behavior as TV. □ 

We emphasize that the reduction process detailed in the proof of Theorem 14.41 
is performed in the time domain and requires no steady state assumptions. We 
start with the generalized electrical network TV that describes the relation between 
voltages and currents in the time domain and we constructed the Kron reduced 
generalized electrical network TV that has the same terminal behavior also described 
in the time domain by the constitutive relations (I4.15[) . 

The following example illustrates that Condition (14.2[) in Theorem 14.41 is not 
necessary. 

Example 4.5. Consider the generalized electrical network TV = (Q, Vb, v, P, Q) 
with Q given below: 



1 




3 




2 







o 









h,i 


</'S 


h,2 





The constitutive relations for the edges e\ = (1,3) and e 2 = (3,2) are Jx,i = V\ 
and 4;Ii,2 = Vg 1 , respectively. Note that v = 1. From KCL p.2[) , we have I fc,i = 
h,i, h,i = — h,2 and 1%^ = — io&,2- From KVL (|3.3[) , we have V* = — and 
Vi = ^2 ~ *l>3- Replacing 7i, 2 , Vf and V2 in the constitutive relations, we 
obtain 

hb,i = -hb,2 =i>l~ i>\, 
d t d t 10 ,0 

Combining these equations, we obtain 

(4-16) Vl + -^Jo4,l = -Iob.2 ~ 4^06,2 = V>2 - 

There exists a such that (V'?, and V2) satisfy KCL 03), KVL 

and the constitutive relations if and only if (^i,^) and (iofc,i 1^06,2) satisfy (14.161) . 
Therefore (^1 , V^OM- ^06,2) € S^v if and only if (ij>\, ^,/ b,i, ^06,2) satisfy (j4.16|) . 
We now construct a generalized electrical network TV = V^, 1, P, Q) such that 
Bsr = B_\f. The directed graph Q is given below: 
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1 2 

O s — > 

V>? h '' ^2 

We pick the constitutive relation of the single edge in N as 

From KCL ([572]) . we have 7 6,i = ~^om = From KVL ([373]) . we have Vj 1 = 
«/>2 — V*?- Replacing 7i,i and V^ 1 in the constitutive relations, we recover (|4.16|) . 
Therefore (tp%, tp$, / &,i, Joft.a) € if and only if (^>, ^g, J 6,i, J 6,2) satisfy (j4.16|) . 
This implies that 23a/ = Bj^. Hence Problem 14.31 is solvable. However pi = (1,0) 
and j»2 = (0,1)- Therefore dim span {pi,P2} = 2 and Condition ()4.2j) does not 
hold. 

If we pick the constitutive relations for the edges of M as Ji^i = and Ji : 2 = 
4zV2, we can also verify that Problem 14.31 is solvable. In this case, 

dim span {gi,g 2 } = 2 
and Condition (|4.2[) does not hold. □ 

5. Application to RLC Circuits and Power Networks 

Every RLC circuit can be modeled as a generalized electrical network by taking 
the electric components to be either resistors, inductors, or capacitors. When all 
the circuit elements are resistors we speak of a purely resistive circuit. Purely 
inductive and purely capacitive circuits can be defined similarly. It is shown in [2] 
that Problem 14.31 is solvable for purely resistive, inductive, or capacitive circuits. 
The same result can be obtained by the following corollary of Theorem 14.41 

Corollary 5.1. Problem 14.31 is solvable for the generalized electrical network Q if 
Q is a purely resistive, purely inductive or purely capacitive circuit. 

Proof. We will prove the corollary for purely resistive circuits. The proofs for 
purely inductive and purely capacitive circuits are very similar. In a purely resistive 
circuit, pi = (ri,0), and qi = (1,0), where rj £ is the resistance of the branch 
i. Hence, Condition (|4.2j) holds. The result follows from Theorem 14.41 □ 

A natural question to ask is what happens if we don't restrict ourselves to putting 
exactly one resistor, inductor or capacitor in each branch. One example of such 
circuits is homogeneous RL circuits [3] . Every branch of an homogeneous RL circuit 
is a series connection of a resistor and an inductor. The term homogeneous comes 
from the fact that for every two edge &i,ej G £ with resistance values Ti,rj and 
inductor values £i,£j, we have — y-- In order to represent RL circuits, it is 
enough to set v = 1 and (pn,Pi2,Qn,qi2) = (r-j , , 1,0) in (|4.1j) for all i € e, 
where r, is the resistance value of the resistive component of branch i and £j is the 
inductance value of the inductive component of branch i. Note that homogeneity 
implies that there exists a constant c G M, c > such that pi — cpj for every 
i, j G e. Therefore Condition (14.21) holds and we can recover Theorem 4.4 in [3] as a 
corollary of Theorem 14.41 The concept of homogeneity can be generalized to RLC 
circuits. A homogeneous RLC circuit is an electrical circuit such that every branch 
is a series combination of a resistor, an inductor and a capacitor with the following 
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condition: for every two edges ei, ej 6 £ with resistance values 7"j, rj, inductor values 
£i,lj, and capacitor values Ci,Cj] we have ^ = j^- — £i . Homogeneous RC circuits 
and homogeneous LC circuits can be dehned in a similar fashion. The previous 
discussion is summarized in the next result. 

Corollary 5.2. Problem 14.31 is solvable for homogeneous RLC, RL, RC or LC 
circuits. 

There are various transmission line models available in the literature [jj], jlOj 
The most accurate model is the distributed-parameter transmission line model, 
which is a set of partial differential equations for the voltages and currents. One can 
obtain a lumped circuit model of the distributed-parameter model if the waveforms 
are assumed to be sinusoidals. Medium length transmission lines can be approx- 
imated by 7r circuits, which are two-port RLC circuits. Another lumped model 
for the transmission line is the short line approximation. It is an approximation 
commonly used if the transmission line is relatively short (less than 60 kilometers 
[9], or 50 miles [11]). In the short line approximation the line is modeled as a 
series connection of a resistor and an inductor . Hence every network of short 
transmission lines can be modeled as a generalized electrical network with v = 1, 
Pi = (r i} £i) and qi = (1,0) in (|4.1[) , where r*j is the resistance value of the resistive 
component of branch i and £i is the inductance value of the inductive component 
of branch i. Moreover, if the network is a homogeneous RL circuit, it follows from 
Corollary 15.21 that we can perform Kron reduction. Different types of transmis- 
sion line models are suitable for the analysis of different types of transients [13] . 
The short line approximation is used to analyze the electromechanical transients 
[12] . [13] . One can argue that the assumption that allows us to use the short line 
approximation (sinusoidal voltages and currents) to study electromechanical tran- 
sients also allows us to use phasors. However, in our framework we do not need to 
assume sinusoidal waveforms per se. As long as the short line approximation can 
accurately describe the transients in consideration, we can use the reduced model 
for transient analysis. 
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